Background--Our aim was to determine whether patients with embolic strokes of undetermined source (ESUS) have higher rates of elevated troponin than patients with noncardioembolic strokes.
C ardiovascular and cerebrovascular disease are 2 major causes of death and disability in the United States. 1, 2 Because adverse cardiac events are associated with increased mortality after stroke, current American Heart Association/ American Stroke Association guidelines recommend evaluating cardiac biomarkers (preferably cardiac troponin [cTn] ) in all patients presenting with acute ischemic stroke. [3] [4] [5] Although cTn is highly specific for myocardial injury, it does not reveal the underlying mechanism of injury. 6 The majority of patients with acute ischemic stroke have neither typical symptoms nor electrocardiographic evidence of acute coronary ischemia, but between 5% and 34% of these patients have cTn levels above the diagnostic threshold, suggesting ongoing myocardial injury, when conventional assays are used; when high-sensitivity assays are used, this rate can be as high as 60%. 7, 8 Irrespective of the underlying mechanism, elevated cTn values are associated with worse clinical outcomes and a higher risk of mortality in patients with acute ischemic stroke. [8] [9] [10] [11] In order to gain further insight into the underlying pathophysiology of cTn in patients with ischemic stroke, we evaluated whether patients with elevations in cTn but without clinically recognized acute ST-segment elevation myocardial infarction (MI) were more likely to have embolic stroke of undetermined source (ESUS) than patients with small-or large-artery strokes. We hypothesized that patients with ESUS would be more likely to have elevated cTn than patients with noncardioembolic strokes because many cases of ESUS are believed to originate from the heart.
12,13

Methods
Design
We performed a retrospective cohort study using CAESAR (the Cornell Acute Stroke Academic Registry). All patients with stroke at New York-Presbyterian Hospital/Weill Cornell Medicine are prospectively enrolled into the American Heart Association's Get With The Guidelines-Stroke registry. This registry provides the foundation for CAESAR, which is then supplemented through retrospective collection of additional clinical, laboratory, and radiographic data. For this analysis we included all adults with acute ischemic stroke between 2011 and 2014. The etiology of stroke was retrospectively ascertained by 2 independent neurologists, with a third neurologist resolving any disagreements. We used the TOAST (from Trial of Org 10172 in Acute Stroke Treatment) criteria and consensus ESUS definition to adjudicate the etiology of all strokes. 12, 14 For this study, all patients with cardioembolic stroke were excluded, given the known association between established cardioembolic risk factors and elevated cTn. 15, 16 Patients with strokes from other determined etiologies were also excluded given the rarity of those individual stroke mechanisms. We also excluded patients who had an incomplete stroke workup, which comprised the following tests: at least 24 hours of telemetry, echocardiogram, brain MRI or CT of head, and head and neck vascular imaging. Thus, our final cohort consisted of all patients with ESUS and, as controls, those with small-or large-artery strokes who underwent a standard stroke workup. We then excluded all patients without a cTn value within 24 hours of stroke onset.
Measurements
Our predictor variable was a cTn elevation, defined in accordance with the third universal definition of MI as a cTn level value above the 99th percentile of our laboratory's upper limit of normal (0.04 ng/mL) 17, 18 in the absence of a clinically recognized acute ST-segment elevation MI. The occurrence of a clinically recognized acute ST-segment elevation MI was based on documentation in the medical record by the primary neurology attending, cardiology attending, or the hospitalization diagnosis list. An attending cardiologist formally interpreted all ECGs. For the purposes of our study, only cTn values within 24 hours of acute ischemic stroke onset were considered in our primary analysis. Our outcome of interest was ESUS. To account for confounding factors that might explain differences in the association between elevations in cTn and stroke subtype, we identified the following risk factors using data from the Get With The Guidelines-Stroke registry: stroke onset to time of cTn testing, initial systolic blood pressure, hypertension, dyslipidemia, diabetes mellitus, coronary artery disease (as defined by a history of MI or angina, or previous percutaneous coronary intervention), peripheral vascular disease, congestive heart failure, serum creatinine, chronic kidney disease, tobacco use, alcohol or drug abuse, and prior stroke. In addition, we recorded information on both stroke severity and the presence of insular infarction, as these have been associated with elevations in cTn. [19] [20] [21] [22] [23] Stroke severity was measured using the National Institutes of Health Stroke Scale.
Statistical Analyses
The chi-squared test was used to compare the rate of ESUS versus small-or large-artery strokes in patients with cTn elevation. The Mann-Whitney U test was used for continuous variables because the data were not normally distributed. Multiple logistic regression was used to evaluate the association between cTn elevation in the absence of a clinically recognized ST-segment elevation MI and ESUS after adjustment for demographics, National Institutes of Health Stroke Scale score, insular infarction, and cardiovascular risk factors. Because the goal of the study was to isolate the association between cTn elevation and ESUS rather than to build a parsimonious prediction model, and because we had more than 10 outcomes per covariate, all covariates were included in the model regardless of statistical significance. We performed 5 sensitivity analyses. In accordance with the third universal definition of MI, which states that cardiac
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damage occurs with a rise and/or fall of cardiac biomarker values, 18 in the first sensitivity analysis, we considered our predictor variable to be a dynamic change in the initially elevated cTn to exclude patients with chronic elevations in cTn. A dynamic change in cTn was considered to occur when the cTn value had changed by at least 0.01 ng/mL >6 hours after the initial cTn was drawn. 17 In the second sensitivity analysis we excluded ESUS patients who were found to have atrial fibrillation during follow-up ambulatory heart-rhythm monitoring. Because baseline antithrombotic use may have potentially reduced myocardial injury and led to lower levels of cTn, in the third sensitivity analysis, we included baseline antithrombotic use as an additional covariate in our model. Some patients with ESUS and large-or small-artery strokes did not have an available cTn drawn within 24 hours of stroke onset, so in the fourth sensitivity analysis, we estimated missing cTn values using a multiple imputation analysis based on variables associated with an elevated cTn in a backward stepwise logistic regression with a P=0.2. In the fifth sensitivity analysis, rather than including all covariates in our multiple logistic model, in order to account for possible overfitting, we performed a backward stepwise logistic regression with a P=0.2. Finally, we also performed a multiple logistic regression using the logarithmically transformed cTn value as a continuous variable. The Weill Cornell Medicine Institutional Review Board approved this study and waived the requirement for patient consent. All statistical analyses were performed by A.E.M. and G.G. using Stata/MP (version 13, College Station, TX). The threshold of statistical significance was set at a=0.05.
Results
Between 2011 and 2014, we identified 642 patients with ESUS or small-or large-artery strokes, of whom 512 had an available cTn drawn within 24 hours of stroke onset. A similar number of patients with ESUS and with small-or large-artery strokes were excluded due to lack of cTn measurement within 24 hours of stroke onset (P=0.37). Of the 512 patients included in the analysis, 67 (13.1%) had an elevation in cTn in the absence of a clinically recognized acute ST-segment elevation MI, and 56 (10.9%) had a dynamic change in cTn levels. Patients with elevations in cTn were of similar age to patients without elevations in cTn (70.7 years versus 67.5 years) and more likely female. Patients with elevations in cTn had more severe strokes (median National Institutes of Health Stroke Scale 6 versus 3), had higher rates of insular infarction, were more likely to have coronary artery disease, chronic kidney disease, and a higher initial serum creatinine, and were less likely to be active smokers than patients without elevations in cTn (Table 1) . 
age, 66.0 years versus 69.7 years) and more often female, had equally severe strokes (median NIHSS, 3) and similar rates of insular infarctions, had lower initial systolic blood pressure values, and were less likely to have hypertension, diabetes mellitus, dyslipidemia, or a history of prior stroke (Table 2) .
In univariate analysis, 17.7% (95% confidence interval [CI], 12.9%, 22.5%) of patients with ESUS had an elevated cTn in the absence of a clinically recognized ST-segment elevation MI as compared to 8.9% (95% CI, 5.5%, 12.4%) of patients with noncardioembolic stroke (P=0.003). The median (interquartile range) value of cTn elevation was 0.17 ng/mL (0.08-0.59 ng/mL) in patients with ESUS as compared to 0.10 ng/mL (0.07-0.32 ng/mL) (P=0.003) in patients with small-or large-artery stroke.
After adjustment for demographics, stroke severity, insular involvement, and cardiovascular risk factors, elevated cTn in the absence of clinically recognized ST-segment elevation MI remained associated with ESUS (odds ratio [OR] 3.3; 95% CI 1.2, 8.8, P=0.017) ( Table 3 ). This result was unchanged in all 5 sensitivity analyses: the analysis in which our predictor variable was a dynamic change in cTn levels (OR 3.0; 95% CI 1.0, 9.1, P=0.047), the analysis in which we excluded patients who had atrial fibrillation documented on postdischarge continuous heart-rhythm monitoring (OR 3.4; 95% CI 1.3, 9.1, P=0.01), the analysis in which we included baseline antithrombotic use as an additional covariate in our model (OR 3.3; 95% CI 1.2, 8.8, P=0.018), the analysis in which we performed a multiple imputation analysis to estimate cTn values for patients without an available cTn drawn within 24 hours of stroke onset (OR 2.2; 95% CI 1.2, 3.9, P=0.01), and the analysis in which we performed a backward stepwise logistic regression in order to account for residual overfitting (OR 3.9 95% CI 1.6, 9.6, P=0.003) ( Table 3) . When we assessed cTn as a continuous variable, the association between cTn and ESUS remained significant (OR for log[cTn] 1.4; 95% CI 1.1, 1.7).
Discussion
Given the clinical and pathophysiological overlap of stroke and cardiovascular disease and the prognostic significance of cTn, the American Heart Association/American Stroke Association guidelines recommend evaluating cTn in every patient with an acute ischemic stroke. 3 Although cTn elevations are common in patients with acute ischemic stroke, the underlying mechanism remains unknown. [7] [8] [9] 24, 25 Our results suggest that patients with elevations in cTn but without clinically recognized acute ST-segment elevation MI are more likely to have ESUS as opposed to those who have had noncardioembolic strokes. This association remained significant even after stroke severity and insular involvement have been taken into consideration, when only patients with a dynamic change in cTn levels are considered, when patients with atrial fibrillation discovered on follow-up prolonged rhythm monitoring have been excluded, and after accounting for baseline antithrombotic use. Elevations in cTn may occur in patients with acute ischemic stroke who have concomitant acute plaque rupture causing myocardial ischemia. However, in the TRELAS (Troponin Elevation in Acute Ischemic Stroke) study, only 7/29 (24%) of patients with acute ischemic stroke with elevations in cTn were thought to have a culprit coronary lesion (the majority of which were asymptomatic), suggesting that there may be alternative mechanisms of cTn elevations in patients with acute ischemic stroke. 26 In the absence of a clinically apparent MI, tachyarrhythmia or nonischemic myocardial injury such as neurogenic stunned myocardium (Takotsubo cardiomyopathy) can also result in cTn elevations. 5, 27, 28 Neurogenic stunned myocardium may lead to severe cardiac dysfunction and cTn release through alterations in the neural outflow to the heart. 29 The insular cortex is believed to play a role in orchestrating central autonomic control, and there is some evidence that injury to the insular cortex may be associated with elevated circulating catecholamines leading to both stunned myocardium and elevated cTn levels. 19, [21] [22] [23] 30, 31 Finally, chronic, stable conditions associated with elevated cTn such as congestive heart failure and chronic kidney disease may all lead to asymptomatic cTn elevations. 9 Even when these potential confounders were controlled for, an elevated cTn remained associated with ESUS. It is unclear why patients with ESUS were more likely to have an elevated cTn than were patients with noncardioembolic strokes. Although patients with ESUS lack clear cardioembolic risk factors such as severe congestive heart failure, atrial fibrillation, or recent MI, a majority of emboli are still thought to arise from the heart. 12, 13 Although nonischemic myocardial injury is a possible explanation for why patients with ESUS are more likely to develop cTn elevations than patients with small-or large-artery strokes, the association between elevations in cTn and ESUS remained unchanged after accounting for factors associated with the development of neurogenic stunned myocardium such as stroke severity and insular cortex involvement; we additionally excluded patients with an ejection fraction of less than 35% because this would be considered a cardioembolic risk factor. 14, 19, 21, 22 Alternatively, patients with ESUS may have simultaneously embolized to both the brain and the coronary arteries, leading to a symptomatic cerebral infarct and an asymptomatic elevation in cTn. Last, ESUS may be due to an embolism from an unrecognized cardiac insult. Myocardial injury, as represented by an elevated cTn, may lead to abnormal ventricular contraction and, in turn, serve as a nidus for thrombus formation and subsequent cardioembolism. 32, 33 Further research will be necessary to elucidate the pathogenesis linking myocardial injury and ESUS.
Irrespective of the mechanism of myocardial injury, elevated cTn carries prognostic information in patients with acute ischemic stroke. Multiple studies have shown that patients with acute ischemic stroke and elevated cardiac biomarkers face an increased risk of mortality and unfavorable functional outcome at discharge. [8] [9] [10] [11] Because our study suggests that patients with ESUS have higher levels of cTn than those with small-or large-artery strokes, further data are necessary to assess whether stroke subtype affects outcomes in patients with ischemic stroke and elevated cTn. Our study must be considered in light of its limitations. First, although we accounted for history of congestive heart failure and renal insufficiency, we could not account for patients with chronic baseline elevations in cTn; however, our results were unchanged when a dynamic change in cTn was set as our sole predictor variable. Second, not all patients with ESUS were evaluated with a transesophageal echocardiogram or bubble study, which may have revealed alternative mechanisms of stroke; however, we defined ESUS per consensus definitions, which consider a precordial transthoracic echocardiogram, electrocardiogram, and 24 hours of telemetry as sufficient to rule out causes of cardioembolism. 12 Third, CAESAR is a single-center registry, and therefore, the results of this study may not be generalizable to all patients with acute ischemic stroke. Fourth, we lacked cTn measurements in many patients with ESUS or small-or largeartery strokes, and therefore our results may reflect a bias of ordering cTn in patients with cardioembolic-appearing In which the predictor variable was a dynamic change in cTn levels. ‡
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strokes. However, a similar number of patients with ESUS and small-or large-artery strokes had missing cTn measurements within 24 hours of stroke onset, and our results were largely unchanged when we imputed missing cTn values based on variables associated with elevated cTn in a backward stepwise logistic regression analysis. Fifth, we may not have fully accounted for differences in premorbid antithrombotic use and adherence. Although our findings must be interpreted in light of the wide confidence intervals in our adjusted analyses, which may be due to the number of cases in our single-center cohort, our results suggest that elevations in cTn without clinically apparent ST-segment elevation MI appear to be more common in patients with ESUS than in patients with smallor large-artery strokes.
